Introduction
============

Effective cleaning and shaping of the root canal, as well as hermetic apical seal is a significant part for successful endodontic treatment. It was reported that root canal fillings exposed to saliva may become contaminated regardless of the materials and obturation techniques employed.[@B1] Lack of adhesion and sealing between the coronal restoration and tooth structure may jeopardize the prognosis of root canal treatment, because penetration of microorganism from a coronal portion potentially reinfects the canal system.[@B2] Weine indicated that improper restoration leads to loss of endodontically treated teeth more than actual failure of endodontic therapy.[@B3]

Lately, the opportunity of restoring nonvital teeth with resin composite has increased as a result of the development of better dentin bonding systems. The restoration of root filled teeth with adhesive systems offers many advantages over the use of traditional, nonadhesive materials. For example, bonded resins permit transmission of functional stresses across the bonded interface to the tooth, with the potential to reinforce the weakened tooth structure.[@B4] Durable bond between adhesive resin and dentin depends on the penetration of the primer and adhesive resin into the conditioned dentine surface in order to interlock micromechanically between the dentine collagen and resin to form a hybrid layer.[@B5]

Recently, it has been widely stated that resin-dentin bonds obtained with contemporary adhesive systems can be deteriorated over time. Deterioration of dentin collagen fibrils contributes to the mechanism responsible for bond degradation.[@B6] The issue of collagen instability has potential consequence in the pathogenesis of dentinal caries, with the breakdown of acid-demineralized collagen matrices by host-derived matrix metalloproteinases (MMPs), a class of zinc- and calcium-dependent endopeptidases.[@B7],[@B8] MMPs are capable of degrading all extracellular matrix components. Human dentin contains at least MMP-2, MMP-8, MMP-9 and MMP-20. Some of these MMPs (*e.g.*, MMP-8) attack collagen, while others (*e.g.*, MMp-2 and -9) attack gelatin.[@B9] These MMPs can slowly hydrolyze unprotected collagen fibrils of dentin hybrid layers which are thought to be responsible for the manifestation of thinning and disappearance of collagen fibrils from incompletely infiltrated hybrid layers in aged, bonded dentin.[@B6],[@B7] The low but persistent endogenous collagenolytic and gelatinolytic activities can be inhibited by the use of protease inhibitors, indicating that MMP inhibition might be beneficial in the preservation of hybrid layers.[@B6]

Chlorhexidine digluconate (CHX) is widely used as an antimicrobial agent and possesses a broad spectrum of activity against oral bacteria.[@B10] It has been stated that the currently accepted disinfection technique applying CHX to acid-etched dentin may prevent the degradation of collagen fibrils.[@B6] Thus, apart from being a commonly known disinfectant, CHX also functions as a potent MMP inhibitor.[@B11] Furthermore, the use of CHX significantly improved the integrity of the hybrid layers and bond strength created by simplified etch-and-rinse adhesives.[@B12]

Modern adhesives can be grouped into two categories according to their etching technique: total-etch and self-etch products.[@B13] Total-etch systems have shown high bond strength to dentin. Self-etch systems have been produced as an alternative to total-etch systems. A self-etch system contains a simultaneously acidic and hydrophilic monomer and does not need to be rinsed away after etching. Effective demineralization provides sufficient adhesive penetration into enamel and dentin.[@B14] These bonding strategies might behave differently on dentine surfaces within pulp chambers altered by irrigants used during root canal treatment.

Some adhesive systems produce lower bond strengths to deep dentin.[@B15],[@B16] The dentin walls that make up the pulp chamber are the deepest possible dentin. Bonding to deep dentin has been more challenging than bonding to superficial dentin mainly due to the reduced area of solid intertubular dentin associated with the increased water content and large tubule diameters and high density.[@B17],[@B18] In addition, chemical irrigants used during root canal treatment may alter the chemical composition of dentin substrate and affect its interaction with materials used for coronal sealing. The adverse effects of irrigants such as sodium hypochlorite (NaOCl) on resin-dentin bond strength have been investigated and confirmed previously.[@B19] Increased adhesive strength was reported when CHX was used at the coronal part, but investigation of bond strengths of adhesive materials to the pulp chamber dentin after the root canal treatment has not been performed extensively.[@B6],[@B12]

The purpose of this *in vitro* study was to evaluate the influence of CHX on the microtensile bonds strength (µTBS) of resin core with two different adhesive systems to dentin in endodontic cavities. The null hypotheses tested were that: (1) CHX does not cause a detrimental effect on immediate µTBS to dentin; (2) CHX application does not influence µTBS after thermocycling, regardless of the adhesive categories (total-etch or self-etch system).

Materials and Methods
=====================

Tooth preparation
-----------------

Forty freshly extracted caries-free molars, which had been stored in 0.1% thymol solution were used in this study. The occlusal enamel and dentin were ground flat using a model trimmer (Model Trimmer, Aurora Labs, Aurora, CO, USA) under running water up to expose the top of pulp chamber. The root of the specimen was removed from the crown approximately 2 mm below the cementoenamel junction using a slow-speed diamond saw under running water ([Figure 1](#F1){ref-type="fig"}). To avoid touching pulpal wall dentin, the pulp tissue was removed carefully with a spoon excavator and a barbed broach. A flat cavity wall was made by Endo-Z bur with sprayed water. NaOCl 5.25% was applied to the all teeth pulp chamber for 40 minutes (this corresponds to the clinical time that irrigating substances are used in root canals during endodontic treatment) and rinsed with distilled water and completely air dried.[@B20] Gutta-percha were wedged into the canal orifices without sealer, to serve as a stop against which the bonding agent could flow into.

Restorative procedure
---------------------

All the endodontic cavities were submitted to the bonding protocols using two-step total-etch adhesive system (Adper Single Bond 2, 3M ESPE, St. Paul, MN, USA), two-step self-etch adhesive system (Contax, DMG, Germany, pH = 3.5) and dual-cured composite (LuxaCore Dual Smartmix, DMG, Hamburg, Germany) was used as the core material in the pulp chamber. The materials used in this study and their compositions are listed in [Table 1](#T1){ref-type="table"}. The adhesive systems were applied to the pulp chamber walls of the teeth according to the manufacturers\' directions.

Forty teeth were randomly divided into 4 groups of 10 teeth each. [Table 2](#T2){ref-type="table"} shows the experimental groups with their respective modalities.

In group 1, the dentin surfaces were primed with Contax-Primer and gently dried, after then, Contax-Bond was applied following the manufacturer\'s directions.

In group 2, the dentin surfaces were wetted with Consepsis, a 2% CHX cavity disinfectant for 15 seconds and rinsed with water and air-dried, then Contax was applied as the same manner in group 1.

In group 3, the dentin surfaces were acid-etched with 37% phosphoric acid and washed with water spray for 10 seconds and gently dried for 10 seconds and Single Bond was applied.

In group 4, the dentin surfaces were acid-etched with 37% phosphoric acid, rinsed off, air-dried as the same manner in group 3, then rewetted with Consepsis, a 2% CHX cavity disinfectant for 15 seconds. Afterwards, the Single Bond was applied.

Following the pre-treatment sequences of the individual groups, the cavities were filled with LuxaCore resin composite and they were polymerized for 40 seconds. Half of the specimens for each group were stored in water for 24 hours, and the other half of the specimens were then submitted to thermocycling of 10,000 cycles with temperature changing from 5 to 55℃, with a dwelling time for 15 seconds each and interval time for 10 seconds.

Microtensile bond testing
-------------------------

After 24 hours of storage in 37℃ water, cut the tooth in half across the furcation ([Figure 2a](#F2){ref-type="fig"}). The restored specimens were serially sectioned into 1 mm thick dentin-resin slabs, and then rotated 90℃ and sectioned again to obtain resin-dentin sticks from the pulp chamber wall with a rectangular cross-sectional area of approximately 1 mm^2^ using diamond cutter (RB205 Metsaw-LS, TOPMET, R&B, Deajeon, Korea). One to two sticks were obtained from each restoration ([Figure 2b](#F2){ref-type="fig"}). The bonded surface area was calculated before each test by measuring the narrowest portion with a digital caliper (Absolute digimatic 573, Mitutoyo, Kawasaki, Japan). The slabs were attached to a testing apparatus (Micro tensile tester, BISCO, Schaumburg, IL, USA) with cyanoacrylate adhesive (Zapit, DVA, Corona, CA, USA) applied to the composite and dentin sides of the slabs. After setting, they were subjected to tensile forces at a crosshead speed of 1 mm/min. The microtensile bond strengths were expressed into MPa.

Statistical analysis
--------------------

To analyze the effect of adhesive resin categories and CHX treatment on bond strength before and after thermocycling, three-way ANOVA was used. Data were also analyzed with Scheffe *post hoc* test to determine any differences among groups. Another Independent *t*-test was also used. Statistical significance was pre-set at α = 0.05.

Results
=======

The results of the µTBS values ([Table 3](#T3){ref-type="table"}) and of three-way ANOVA ([Table 4](#T4){ref-type="table"}) are summarized. In this study, CHX and thermocycling treatment gave a great impact on the µTBS, while the type of adhesive system did not ([Table 4](#T4){ref-type="table"}). Only the interaction of CHX and thermocylcing treatment showed the significant difference among the interactions of three variables, such as CHX, thermocycling treatment and bonding system ([Table 4](#T4){ref-type="table"}).

Effect of thermocycling in microtensile bond strength
-----------------------------------------------------

There was no significant difference of bond strength among groups at the immediate testing period. However, after 10,000 cycles of thermocycling, all groups resulted in significant bond strength reduction (*p* \< 0.05), although CHX treated groups showed lesser degree of reduction. This means that thermocycling deteriorated the bond strength of resin core system in endodontic cavity.

Effect of chlorhexidine in microtensile bond strength
-----------------------------------------------------

There was no significant difference of bond strength between groups without CHX treatment and groups with CHX pre-treatment at the immediate testing period. After 10,000 cycles of thermocycling, resulted in significant bond strength reduction in both groups irrespective of CHX treatment (*p* \< 0.05), however, less decrease appeared in groups treated with CHX.

Discussion
==========

Sealing of the pulp chamber is an important factor that may influence the outcome of root canal treatment.[@B21] Endogenous MMPs are found in dentin and their activation results in degradation of hybrid layers created by dentin adhesives.[@B22] The most plausible explanation would be the inhibition of dentin matrix-bound MMPs, resulting in decreased degradation of hybrid layer and sub-hybrid layer collagen fibril.[@B11] Therefore, MMPs in durability studies is an important issue to investigate, because this could be the key to increase the durability of restorations involving dentin bonding.

In the present study, since the application of CHX did not produce detrimental effect on bond strength of the specimens immediately submitted to µTBS test, the first hypothesis tested was supported. This was also observed in previous *in vivo* study.[@B23] After 10,000 cycles of thermocycling, the groups treated with CHX showed significant reduction in bond strength compared to the immediate groups. However, this reduction was less than that of groups without CHX treatment, showing that CHX was able to diminish, but not completely eliminate the loss of bond strength over time. Therefore, the second hypothesis was rejected. Current study apparently indicates beneficial effects of CHX on the preservation of dentin bond strength.

CHX digluconate has the potential to minimize the reductions in the resin-dentin bond strengths commonly observed for simplified conventional adhesives after long-term water storage and also to preserve the morphological properties of hybrid layers by inhibiting host-derived proteases.[@B12] Edermir et al. reported that endodontic irrigation with CHX solution significantly increased bond strength to root dentin.[@B24] While *in vitro* study have suggested that the application of 2% CHX solution, a MMP inhibitor, was able to diminish the loss of µTBS over time associated to two-step etch-and-rinse and self-etch adhesive.[@B25] The substantivity of CHX is related to the release of positively charged molecules from CHX treated surfaces and its ability to adsorb onto surfaces of the oral cavity.[@B26] Theoretically, this can also occur in the demineralized exposed collagen fibrils, and is the explanation for the bonds being preserved after long-term water exposure. One may suggest that CHX is likely to bind to collagen fibrils at a very fast rate, and thus even short periods of time, such as 15 seconds, seem to be sufficient to guarantee such binding. This hypothesis was raised on the basis of the results of a recent investigation.[@B26] Loguercio et al. demonstrated that the application time of CHX was reduced (15 seconds) and this reduction did not jeopardize the benefits of CHX in the preservation of dentin bonds.[@B27] Therefore, application time for 15 seconds, was believed to be sufficient to preserve dentin bonds under the laboratory conditions in this study.

One of the two-step systems (Contax, pH = 3.5) is a self-etching bonding system which combines the etching and priming procedures into one step by a self-etching primer. An acidic monomer in the primer can demineralize the smear layer and the underlying dentin, resulting in mild etching. Another adhesive system (Single Bond) is a one-bottle system combining the priming and bonding procedures into one step. Phosphoric acid is used to remove the smear layer, and a moist dentin surface is required to maintain a non-collapsed demineralized collagen network mediated by hydrogen bonding of water.[@B28] Once primer application of self-etching adhesive is performed without air-drying, collapse of collagen fibrils is avoided and the quality and integrity of the collagen available for resin infiltration may be of fundamental importance.[@B29] It was known that CHX at 2% applied prior to self-etch adhesive system resulted in higher µTBS values.[@B30] Ozturk and Ozer also showed self-etching priming systems showed the best performance on pulp chamber dentinal wall.[@B31] The bonding interface of self-etch adhesives could be less affected by evaporative water flux during resin application due to their mild acid-etching effect. Moreover, mild acid-etching effect could lead to limited loss of inorganic matrix in the successively formed hybrid layer which has been verified to contribute to chemical bonding through the reaction with functional group of adhesive monomers.[@B32] 2% CHX application after acid-etching preserves both the durability of the hybrid layer and bond strength *in vitro* of aged specimens.[@B33] Generally total-etch system showed high adhesive strength to dentin, but there was not much difference in adhesive strength between total-etch system and self-etch adhesive system in class I cavity. Self-etch adhesive systems were produced as an alternative for total-etch systems to reduce the technique sensitivity and application time. Systems employing a separate acid etching step are apparently more sensitive to dentin depth than are self-etching systems.[@B17] For the total etch bonding agents, the assumption is that the acid etching process followed by rinsing may be capable of removing the dissolved mineral component of dentine and the remaining irrigating solutions or interaction byproducts. With self-etch dentine bonding system, the smear layer and any possible free or interacted residual chemical irrigant components may remain on the bonding site and be included in the hybrid layer.[@B34] However, the weaker acidic primer in self-etching bonding systems results in less obvious change in the dentinal wall structure than the stronger total etch systems. These bonding strategies might behave differently on dentine surfaces within pulp chambers altered by irrigants used during root canal treatment.

Bonding to pulp chamber dentin was differently affected by the endodontic chemical irrigants. Sodium hypochlorite (NaOCl) has been extensively used in endodontic therapy to provide gross debridement, disinfection, lubrication, and dissolution of tissues.[@B35] In this study, NaOCl was applied to reproduce similar clinical situation. This powerful antimicrobial agent had been previously shown to jeopardize the polymerization of bonding resins, because oxidizing effects of NaOCl and its reaction byproducts.[@B25],[@B26] They may cause inhibition of the interfacial polymerization of adhesives and possible dentinal surface contamination. Another speculation was that removal of collagen fibers from dentinal surfaces with NaOCl may have prevented creation of a healthy hybrid layer.[@B31],[@B36]

In general, lower bond strengths were produced in deep dentin when compared with those produced in superficial dentin. These regional variation resulted in the variations in water content and dentinal permeability because of difference in the number of tubules per unit area.[@B37]

Although lots of studies showed the merits of CHX to pulp chamber wall dentin, in many *in vitro* studies, coronal dentin was used to test materials.[@B2],[@B25],[@B31],[@B36],[@B38] However, for evaluation of adhesive cores, bonding to pulp chamber wall dentin is important to test. Therefore, pulp chamber wall dentin of teeth was used in this study as a bonding area. In this research, the application of 2% CHX to pulp chamber dentin reduce the decrease of resin-dentin bond strength for at least 10,000 cycles under the laboratory conditions. This result may be due to many factors that can influence the bonding performance of adhesive systems to dentin. Among these are the dentin substrate, the testing procedures, and the handling of the materials. Also lack of the simulation of pulpal pressure can be considered. So further *in vivo* studies are needed to clarify whether the use of 2% CHX solution to pulpal wall is able to preserve resin-dentin bonds after long-term function. It is hoped that the prospective development of adhesive resin systems and bonding techniques take into consideration the specific features of the pulp chamber substrate to achieve better bond strength.

Conclusions
===========

Within the limitations of this *in vitro* study, 2% CHX application for 15 seconds proved to alleviate the decrease of bond strength of dentin bonding systems. There was no significant difference in microtensile bond strength between total-etching and self-etching systems. Based on the research, applying CHX for 15 seconds to endodontic cavity can be an effective way to get a relatively durable bond.
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![Specimen preparation for microtensile bond test. (a) Bonding substrate were restored with adhesive (sky blue) and composite (pink) to endodontic cavity wall (yellow); (b) Resin-dentin sticks with a rectangular cross-sectional area of approximately 1 × 1 mm.](rde-37-207-g002){#F2}

###### 

Materials used in this study
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Bis-GMA, Bis-phenol A diglycidylmethacrylate; HEMA, 2-Hydroxyethyl methacrylate; UDMA, Urethane dimethacrylate; TEGDMA, Triethyleneglycol dimethacrylate.

###### 

Surface treatments of experimental groups
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CHX, Chlorhexidine digluconate; µTBS, Microtensile bond strength.

###### 

Microtensile bond strength values
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The numbers in parentheses are the standard deviations. The same superscripts mean that there is no significant difference.

CHX, Chlorhexidine digluconate; µTBS, Microtensile bond strength.

###### 

Three-way ANOVA results
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a, R Squared = 0.549 (Adjusted R Squared = 0.521).

CHX, Chlorhexidine digluconate.
